The Global Forest Products Model was applied to forecast the effect of Brexit on the global forest products industry to 2030 under two scenarios: an optimistic and pessimistic future storyline regarding the potential economic effect of Brexit. The forecasts integrated a range of gross domestic product growth rates using an average of the optimistic and pessimistic projections from recent reports. According to the results, Brexit caused a sustained modest decline in UK demand for wood products through 2030. The consumption of sawnwood in Britain was 1.0-2.1% lower by 2030, 2.9-6.1% lower for wood-based panels and 1.9-4.1% lower for paper and paperboard. With Brexit, the UK net trade deficit in sawnwood decreased by 4.8-9.9% by 2030, 4.4-9.1% for wood-based panel and 5.5-10.8% for paper and paperboard. The effects on industrial roundwood consumption and production within the UK were negligible. Both scenarios had a modest adverse effect on the global market for wood products. The consequences of Brexit were mostly within Europe and driven predominantly by reduced consumption within the UK itself. While the effect was greater under the pessimistic scenario, the overall impact on the global wood products industry was small, and it had no discernable effect on prices.
Introduction
On 23 June 2016, the UK voted to end its membership in the European Union (EU), creating widespread uncertainty in global financial markets; the S&P 500 fell 3.59% in the US, the FTSE 100 fell 3.15% in Britain, and the DAX index fell 6.82% in Germany. These bearish reactions reflect larger concerns that may contribute to reduced growth of the UK economy including increased uncertainty about future levels of household income, deteriorating terms of trade, and a discouragement to invest among UK firms. Together, these factors may lead to reduced consumption, production and trade within the British economy. Furthermore, Britain's exit means the EU loses economic power as Britain represented 16.2% of the EU's economy in 2015; an important implication as the EU will likely remain Britain's most important trading partner.
The forest products industry may be vulnerable to such developments. Wood products are normal goods, such that declines in national income negatively affect consumption (UNECE, 2003; Michinika et al., 2011; Buongiorno, 2015) . Furthermore, the industry revolves in a complex market, as wood products are interlinked and traded internationally to capture comparative advantage. As a result, economic shocks within the EU are likely distributed across wood product markets and regions, as observed in recent renewable energy policies within the EU and the UK (Johnston and van Kooten, 2016) . Nonetheless, the impact on the forest products industry has the potential to be significant as the UK relies heavily on imports. In 2014, the UK had a net trade deficit of $2.2 billion in lumber, $0.8 billion in wood pulp and $1.4 billion in wood based panels (FAO, 2016) . Declining consumption and eroding terms of trade will affect the UK wood products industry, and may have implications for international markets.
While many believe Brexit will negatively impact the British economy, the magnitude of this effect remains unclear. A number of sources have provided short-and long-term forecasts of the effect of Brexit on the UK's gross domestic product (GDP) ( Table 1) with great speculation surrounding the UK's ability to negotiate trade agreements. A common pattern among the studies highlighted in Table 1 is the adoption of optimistic and pessimistic scenarios to describe the economic effect of Brexit. The optimistic scenario often assumes that the UK and the EU will continue to enjoy free trade and that Brexit does not create additional tariff barriers. In the pessimistic scenarios, it is commonly supposed that the UK fails to negotiate a new trade agreement with the EU, leading to increased tariffs on imports, higher non-tariff barriers to trade (i.e. changing regulations, border controls), and minimal integration between the UK and EU in future trade policy.
While much attention has been placed on projecting the potential effect of Brexit on UK income, little is known about how this may impact the wood products industry. Therefore, this paper attempted to determine, other things being equal, the consequences for the forest sector of the UK's departure from the EU. As there is a large amount of uncertainty surrounding the degree to which the UK and other economies will be affected, this study utilized available projections of GDP to reflect two very different future Brexit storylines. Then, a forest sector model was used to evaluate their consequences for wood industries, and thus inform decision makers concerned with the future of this sector in and outside the UK.
The next section describes the methodological framework including a discussion of the assumptions regarding future rates of GDP due to Brexit. This is followed by results showing the expected least and worst effects of Brexit up to 2030. While the effects were modest in some UK industries, they appeared negligible in the rest of the world.
Methods and data

The Global Forest Products Model
The Global Forest Products Model is a dynamic spatial price equilibrium model for 180 countries, and 14 forest commodity groups covering fuelwood, industrial roundwood, sawnwood, wood-based panels, pulp, newsprint, paper and paperboard. The GFPM produces forecasts of forest area and stock, and related global production, consumption, trade and prices of products. The model is recursive and solves each year a spatial equilibrium among all countries by maximizing quasi-welfare: the value of end products minus the cost of production and transportation (Samuelson, 1952; Takayama and Judge, 1971) . Successive yearly equilibria are linked dynamically to reflect demographic and economic growth, and changes in forest area and stock (see Appendix) (For more information on the model structure and several applications refer to Buongiorno et al. 2003 . The current (2016 version of the model, together with software, data and documentation are available from http://labs.russell.wisc.edu/buongiorno/welcome/gfpm/).
The data of the GFPM come from various sources. The main database for prices, production, import and export data is at the Food and Agriculture Organization of the United Nations (FAOSTAT; FAO, 2016) . Buongiorno and Zhu (2016) describe how the input-output coefficients and manufacturing costs were calibrated with this data for the base year 2013. Technical change affecting these coefficients were predicted as in Buongiorno and Zhu (2015) . The GDP and price elasticities of demand for end products, which play a critical role in this study, are in Table 2 . The elasticities of wood supply are based on Turner et al. (2006) . The equations for changes in forest area and forest stock were estimated with data from FAO (2010) as in Buongiorno (2014) . The GDP and population scenarios up to 2030, without Brexit, were based on the IPCC scenario A1B (Nakicenovic et al., 2000) , modified for the purpose of the United States Forest Service 2010 RPA Assessment (USDA Forest Service, 2012).
Consequence of Brexit for GDP
The effect of Brexit was simulated with the GFPM via two storylines (optimistic and pessimistic future scenarios) concerning the effect of Brexit on GDP growth rates. Table 1 highlights a number of short-and long-term projections for this effect on UK's GDP. Among the most optimistic short-run scenarios are those of the Institute of Economic Affairs (IEA), who project a net positive impact on UK GDP of 1.1% within 1-3 years of exit (IEA, 2015) . This projection relies on the UK securing access to the European Free Trade Association, sustained terms of trade, and a favourable exit agreement with the EU. However, the IEA acknowledges Brexit is likely to have a more modest effect on the UK economy. On the pessimistic side, the UK Treasury (2016) provides a short-run projection of the Brexit impact on the UK's economy of −6.0%. Here, the UK's departure is assumed to result in a significant economic shock with high unemployment, and adverse effects on wages, inflation, housing values Forestry and access to capital. In all these projections the effects of Brexit on the UK economy would be rapid, with most of the adverse economic shock occurring within a few years after the departure from the EU. Still, several studies suggest that these early effects may continue for many years. One of the most optimistic long-run scenarios is that of Open Europe (2016), who project that long-run GDP in the UK could rise by 1.6% due to the negotiation of free trade agreements, and liberal immigration policy and deregulation allowing free labour mobility and an elimination of onerous laws. This scenario assumes an almost utopian exit from the EU market, so much so that the authors admit it is more likely that the UK's economy will in fact fall by 0.5-1.5%. The Centre for Economic Performance at the London School of Economics provides an even more pessimistic scenario where Brexit results in a −9.5% impact on long-run GDP in the UK (CEP, 2016), due to reduced trade and productivity in the UK, with a failure to secure free trade agreements in the long run.
Given the wide range of projections, we summarized the effects of Brexit on UK GDP into an optimistic and a pessimistic scenario. Using the average projections in Table 1 , the optimistic scenario assumed that Brexit reduced UK GDP by 1.3% in the short run, and 3.0% in the long run. In the pessimistic scenario UK GDP fell by a greater amount; 2.5% in the short run, and 6.3% in the long run. These two scenarios reflected the range of possibilities regarding the evolution of new trade agreements, non-tariff barriers to trade, and other economic shocks associated with Brexit. These numbers were converted to annual rates for use in the GFPM.
For other countries, the Centre for Economic Performance (CEP, 2016) projects that Brexit will adversely affect their GDP, largely due to their trade with the UK. According to Figure 1 , Brexit will result in a 0.1-0.3% reduction in GDP across other current EU countries post-Brexit, although concentrated in Ireland, Belgium and the Netherlands. Meanwhile, the effect on income may be neutral or even slightly positive in some non-EU countries. Reflecting the uncertainty of these forecasts the CEP also provides, in addition to the most likely case, the optimistic and pessimistic projections of the macroeconomic (GDP) effect of Brexit ( Figure 1 ) which were adopted in this study for countries other than the UK.
Results
The GFPM was used to forecast the global forest products industry to 2030 under the base GDP scenario, and the optimistic and pessimistic scenarios. The main effect of changes in GDP was to shift the demand for wood products (appendix equation A3) to the left or to the right. The corresponding change in GDP per capita also affected forest area (appendix equation A8), but the effect was negligible. Through the equilibrium process, the demand shift affected consumption, production and prices of industrial roundwood, sawnwood, wood-based panels and paper and paperboard. For all products the price effects were negligible.
Effects on sawnwood production, consumption and trade
The consequences of Brexit on global sawnwood production and consumption are in Table 3 , highlighting a global market reduction of~100 000-220 000 m 3 by 2030. This adverse effect was due largely to the decline in sawnwood consumption in the UK, which was 1.0% lower in 2030 under the optimistic future storyline, and 2.1% lower under the pessimistic (Figure 2a ). representing 84-87% of total European decline. In conjunction with decreased domestic demand, the UK net trade deficit in sawnwood decreased by 4.8% under the optimistic storyline, and 9.9% under the pessimistic storyline by 2030, reflecting mostly lower imports (Figure 2b ). While the attendant fall in global consumption was larger under the pessimistic scenario, it represented only 0.05% of global sawnwood market. The effects on significant EU trading partners like Ireland, the Netherlands and Belgium, and on the rest of the world was negligible.
The effect on sawnwood production was distributed across developed and developing countries, but principally in the UK where production rose by 123 000-256 000 m 3 , and coupled Impact of Brexit on the forest products industry of the United Kingdon and rest of the world with a fall in consumption, led to the improvement of EU net trade in sawnwood (Figure 2b) . Still, the impact of Brexit on global sawnwood production was a mere 0.02-0.05% reduction under the optimistic and pessimistic scenarios, alike. Production in Britain was only 1.1% of global sawnwood production, and thus had a small global impact. Countries within the EU where Brexit had the highest GDP impact (i.e. Ireland, Netherlands, Belgium), experienced negligible changes in consumption or production of sawnwood. Production in Japan fell by 73 000-156 000 m 3 as a result of reduced global demand.
Effects on wood-based panel production, consumption and trade Table 4 summarizes the consequences of Brexit on the global wood-based panel production and consumption p. The World production may differ from consumption due to round off errors. Impact of Brexit on the forest products industry of the United Kingdon and rest of the world optimistic and pessimistic scenarios imply a small decline in global panel markets of 198 000-435 000 m 3 (0.03-0.07%) by 2030, localized mostly within the UK, where consumption fell by 2.9-6.1% by 2030 (Figure 3a) , and production by 2.4-5.0% leading to an improvement in UK net trade of 4.4-9.1% depending on the scenario (Figure 3b) .
Forestry
Modest effects in wood-based panel consumption were observed for some EU countries like Germany (8000-23 000 m 3 ) and Poland (10 000-25 000 m 3 ). While Brexit had the highest GDP impact, after the UK, in Ireland, the Netherlands and Belgium, consumption and production of wood-based panels was modestly affected through 2030 as these countries have relatively small panel markets. Outside the EU, 25% of the decline in production was in developing countries under the pessimistic scenario, localized in Asian-Pacific countries.
Effects on paper and paperboard production, consumption and trade
The main impact of Brexit on paper and paperboard markets occurred in the UK where consumption was 1.9-4.1% lower by 2030 (Figure 4a ). Correspondingly, net trade improved by 5.5-10.8% depending on the scenario (Figure 4b ). As 87-90% of the reduction in global paper and paperboard consumption was in the UK, the global impact was small, a 0.04-0.08% reduction by 2030 (Table 5) . Consumption in non-European countries experienced minor increases, offsetting some of the decline projected in Britain. Overall, developed countries reduced their consumption between 233 000 and 502 000 m 3 by 2030 as a result of the optimistic and pessimistic future Brexit storylines adopted in this study, respectively. Consumption in developed countries remained relatively unaffected.
The Brexit-induced changes in paper and paperboard production were more evenly distributed across countries than changes in consumption. Although most of the decrease in consumption was in Europe, the decrease in European production was only 41% of the decrease in global production. The US contributed a further 40% to the decline in global production, while other markets were more modestly affected. Countries within the EU where Brexit had the highest GDP impact (i.e. Ireland, Netherlands, Belgium), experienced negligible changes in consumption or production of paper and paperboard. Production in China and the US fell by 31 000-68 000 m 3 and 93 000-196 000 m 3 , respectively, as a result of reduced global demand.
Effects on industrial roundwood production, consumption and trade
In contrast with sawnwood, panels and paper and paperboard, the effect of Brexit on industrial roundwood consumption and 9,000 9,500 10,000 10,500
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-6,000 Impact of Brexit on the forest products industry of the United Kingdon and rest of the world net trade in the UK was negligible (Figure 5a,b) . The demand for industrial roundwood derives from the demand for wood associated with the manufacturing of end products. While production of sawnwood rose in Britain, it was offset by reductions in panel and paper manufacturing, translating to negligible changes in the domestic supply of industrial roundwood. There was only a small effect of Brexit on the global consumption of industrial roundwood (Table 6) , which fell by 598 000-1 291 000 m 3 by 2030 depending on the scenario, representing 0.03-0.05% of global consumption. The largest impact was in Japan, the EU, and the US who contribute~16, 17 and 24 per cent to the total decline in consumption. Meanwhile the production of industrial roundwood decreased mostly in Canada, the US, Russia and Asia. Net trade in many of these countries was relatively unaffected as consumption and production fell at a similar pace, with the exception of Asia where the fall in consumption was more than the fall in production, resulting in improved trade. 
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Conclusion
The Global Forest Products Model was applied to forecast the effect of Brexit on forest industries to 2030. The projections reflected an optimistic and a pessimistic scenario based on recent data concerning the effect of Brexit on the GDP of the UK, the EU and other countries. While the results are sensitive to the assumed effect of Brexit, both scenarios had a modest adverse effect on the global market for final wood products. The main consequences were for the UK, and secondarily for Europe. The optimistic and pessimistic scenario's adopted in this study reflect the possible range of economic growth in the aftermath of Brexit. Still, the uncertainty may even be greater for various reasons. First, the cost of capital may rise in the short run, as the uncertainty created through the UK's departure from the EU calls for a higher risk premium on lending. As a result, firms will face a more difficult time acquiring capital, which will reduce investment.
Second, Brexit uncertainty may encourage the sale of UK assets, putting downward pressure on the pound. One consequence would be higher import costs, leading to further inflation. The degree to which the rise in inflation is passed through to consumers will drive reductions in consumption patterns, and the degree to which profit margins are squeezed will determine the degree of job losses within the UK. The Bank of England might attempt to counteract any inflationary pressure caused by Brexit, which may further disrupt capital markets. Meanwhile, the depreciation of the pound will cause imports to decline allowing the external balance to improve, mitigating the depth of the GDP contraction. The extent to which these factors play out in the coming years remains unknown.
Third, the ability for the UK to negotiate trade deals with important trading partners will drive the magnitude of the economic effect of Brexit. There are many possible scenarios for the UK's future position, ranging from preserving its existing trade relationship with the EU to a failure to reach agreements and a reversion to World Trade Organization tariffs.
Fourth, it has been argued that UK residents born outside of Britain have higher productivity and labour market participation, and that restricted labour mobility associated with Brexit could put upward pressure on low-skilled wages (KPMG, 2016) . As a result, it may become more difficult to match jobs and workers in some industries, and could reduce long-term productivity. The degree to which these factors affect the economy relies on the extent that Brexit restricts labour mobility.
The projections presented here depend strongly on the modelling structure of the GFPM and the quality of the underlying data. Although the model mimics the general trends of historical data series' reasonably well, the errors increase with the level of disaggregation by product or region, and with the length of the forecast (Buongiorno et al., 2001) . The GFPM provides a comprehensive representation of the forest sector, but the data on which it, and similar models, are based are often inaccurate. Furthermore, the model parameters, such as the supply and demand elasticities are also subject to error. The fundamental theory of trade on which it relies (pure competition in international markets) can also only be a rough approximation of the complex reality of international trade. Although, by construction, the model fits very accurately the observations in the base year, it can only approximate out of sample projections, leaving much work to be done to improve the basic data and the underlying assumptions of the model.
Future work may wish to consider the degree in which Britain continues to pursue EU policies. For example, the UK currently subsidizes energy produced from biomass in order to comply with EU's legislated renewable energy targets set out for 2020 and 2030. As a result, the UK has emerged as one of the world's largest consumers of wood pellets, with over 5 million m 3 consumed 2014. And, 93% of wood pellet consumption in the UK come from outside its borders, primarily from North America. The extent to which the UK will continue to employ strong subsidies for bioenergy has the potential to disrupt international wood product markets (Johnston & van Kooten 2016) .
where i,j = country, k = product, P = price in US dollars of constant value, D = final product demand, S = raw material supply, Y = quantity manufactured, m = manufacturing cost, T = quantity transported and c = cost of transportation, including tariff. All variables refer to a specific year. In making predictions, the period between successive equilibria may be multiple years.
End product demand
where D * = current consumption at last period's price, P −1 = last period's price and δ = price elasticity of demand.
D
* depends on last period's demand, and the growth of GDP in the country. In the base year, D * is equal to the observed base-year consumption, and P −1 is equal to the observed base-year price.
Shifts of demand
( )
y y 1 0 g y = GDP periodic growth rate, α y = elasticity with respect to GDP, α 0 = periodic trend.
Primary product supply where S * = current supply at last period's price, and λ = price elasticity of supply. As shown in the section on market dynamics, below, S * depend on last period's supply, and on exogenous or endogenous supply shifters. In the base year, S * is equal to the base-year supply, and P −1 is equal to the observed base-year price.
Industrial roundwood and fuelwood supply shifts where A = forest area, and g a = periodic rate of forest area change based on the period length and the annual rate of forest area change, g aa , defined by: For each country, α 0 is calibrated so that in the base year the observed g aa is equal to the g aa predicted by (A7) given the income per capita y'.
Total wood drain from the forest where a ikn = input of product k per unit of product n.
In addition, by products (also named secondary commodities), which result from the production of a (primary) manufactured commodity, such as sawmill residues that result from the production of sawnwood, satisfy the constraint:
where b ikl is the amount of byproduct l that can be recovered per unit of manufactured commodity k.
For more detailed information on the model structure refer to Buongiorno et al. 2001 , including the formulations of constraints related to trade inertia, prices, manufacturing costs, transport costs, market dynamics, linear approximations of certain constraints and annual allowable cut constraints.
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